The prevalence of smoking in schizophrenia patients far exceeds that in the general population. Increased vulnerability to nicotine and other drug addictions in schizophrenia may reflect the impact of developmental limbic abnormalities on cortical-striatal mediation of behavioral changes associated with drug use. Rats with neonatal ventral hippocampal lesions (NVHL), a neurodevelopmental model of schizophrenia, have previously been shown to exhibit altered patterns of behavioral sensitization to both cocaine and ethanol. This study explored nicotine sensitization in NVHLs by testing locomotor activity of NVHL versus SHAM-operated controls over three weeks in response to nicotine (0.5 mg/kg) or saline injections (s.c.) followed by a nicotine challenge delivered to all rats two weeks later. At the beginning of the initial injection series, post-injection locomotor activation was indistinguishable among all treatment groups. However, nicotine but not saline injections produced a progressive sensitization effect that was greater in NVHL rats compared to SHAMs. In the challenge session, rats with previous nicotine history showed enhanced locomotor activation to nicotine when compared to drug naïve rats, with NVHL-nicotine rats showing the greatest degree of activity overall. These results demonstrate that NVHLs exhibit altered short-and long-term sensitization profiles to nicotine, similar to altered long-term sensitization profiles produced by cocaine and ethanol. Collectively, these findings suggest the neurodevelopmental underpinnings of schizophrenia produce enhanced behavioral sensitization to addictive drugs as an involuntary and progressive neurobehavioral process, independent of the acute psychoactive properties uniquely attributed to nicotine, cocaine, or alcohol.
Introduction
Nicotine dependence is a leading cause of preventable illness and death (CDC, 2006; Mokdad et al., 2004) and is prevalent in schizophrenia patients at 2-to-4 fold greater rates than in the general population (Kuehn, 2006; Regier et al., 1990) . Investigating this form of 'dual 1,*Corresponding author: 791 Union Drive, Indianapolis, IN 46220, Ph: (317) 278-1716, Fax: (317) 274-1365, Email: robchamb@iupui.edu. diagnosis' may yield new insights into schizophrenia and nicotine dependence as independent and co-morbid diseases.
Numerous studies have explored whether a relationship exists between nicotine's unique pharmacological properties, nicotinic acetylcholine receptor (nAChR) functioning in schizophrenia, and the decision to smoke as a volitional act of self-medication. Schizophreniabased nAChR abnormalities could be partially normalized by smoking (Breese et al., 2000; Breese et al., 1997; Durany et al., 2000) and nicotine may improve cognitive deficits of schizophrenia (Depatie et al., 2002; George et al., 2006; Levin and Torry, 1996; Mansvelder et al., 2006) Since schizophrenia entails increased addictions to many drugs including alcohol, cocaine, and nicotine (Dixon, 1999; Regier et al., 1990) , which all provoke mesolimbic dopamine (DA)-mediated behavioral reinforcement (Di Chiara and Imperato, 1988; Volkow, 2004) , schizophrenia may also involuntarily accentuate addiction as a general process (Chambers et al., 2001) . Prefrontal cortex (PfC) and temporal-limbic systems, including the ventral hippocampus, send glutamatergic projections into, and modulate information processing in the nucleus accumbens (NAc) (Finch, 1996; O'Donnell and Grace, 1995) . Schizophrenia-related developmental abnormalities of these regions may enhance short and long-term reactions of the NAc-a key motivational center implicated in addiction-to the DA effects of addictive drugs (Chambers et al., 2001 ).
In rats, neonatal ventral hippocampal lesions (NVHL) produce a spectrum of schizophrenialike behavioral and neurobiological features. Peri-adolescent onset of hyper-responsiveness to stress and psychostimulants are reduced with neuroleptics, modeling positive symptoms (Lipska et al., 1993; Lipska and Weinberger, 1994) . Deficits in socialization (Becker et al., 1999; Sams-Dodd et al., 1997) , working memory (Chambers et al., 1996) , and pre-pulse inhibition (Becker et al., 1999; Lipska et al., 1995) , encompass negative and cognitive symptoms. Similar to schizophrenic brains, NVHLs produce frontal cortical dendritic atrophy, altered synaptic spine density (Flores et al., 2005) , and alterations in GABA and glutamate transmitter systems (Lipska et al., 2003; Stine et al., 2001) .
Supporting a neurodevelopmental etiology of addiction vulnerability in schizophrenia, NVHLs accentuate acquisition of cocaine self-administration, post-withdrawal drug-seeking, and druginduced relapse (Chambers and Self, 2002) . Impulsive behavior, a predictor of addiction vulnerability, is accentuated in NVHL rats both before and after cocaine exposure (Chambers et al., 2005) . Behavioral sensitization-a process by which involuntary injections of addictive drugs produce long-lasting growth of specific behaviors-is also altered in NVHLs with respect to both cocaine and alcohol (Chambers and Taylor, 2004; Conroy et al., 2007) . Because behavioral sensitization is largely dependent on the same neural systems, and DA pharmacological properties of drugs as those implicated in addiction (Kauer and Malenka, 2007; Robinson and Berridge, 1993; Vanderschuren and Kalivas, 2000) , these findings suggest NVHLs may produce non-drug specific vulnerabilities to addiction. In the present study, we characterized nicotine sensitization in NVHL rats to determine whether this hypothesis could generalize to nicotine.
Materials and Methods

Subjects and NVHL Surgery
Sprague-Dawley pups were born in house on post-natal day (PD) 0 and maintained in liters under standard housing conditions. On PD 7, male pups weighing 15-18 g were selected for surgery based on Lipska et al. (1993) . Under hypothermic anesthesia, pups were taped prone to a stereotaxic platform. A 26S gauge Hamilton needle was inserted through an incision on the dorsal skull into the ventral hippocampal formation (AP −3.0 mm, ML ±3.5 mm, VD −5.0 mm relative to bregma). Pups randomly assigned to lesion group received bilateral infusions of 0.3 µL of 10 µg/µL ibotenic acid in artificial cerebrospinal fluid (aCSF), while the SHAM group received 0.3 µL aCSF. Needles were removed 3 minutes after 135 second infusions to revent backflow. After wound closure with Vetbond (3 M), pups were warmed before returning to their mothers in litters of 4-8 pups, balanced by lesion status. Litters were left undisturbed until weaning (PD 21) when subjects were housed in pairs according to lesion status. Animal care and experiments were conducted according to the Guide for the Care and Use Laboratory Animals, and with approval by Indiana University IACUC.
Behavioral testing
Beginning on PD 60, motor activity was assessed in 8 plexiglass arenas (43.2 × 43.2 × 30.5 cm) equipped with infrared beam transmitters spanning the x and y axes of the locomotor field (Med Associates, Inc., St. Albans, VT). Beam arrays comprised 16 transmitters crossing 5 cm above the arena floor and spaced 2.7 cm apart. Activity Monitor 5.0 software (Med Associates) quantified beam breaks and transformed this data into locomotor vs. stereotypic rangemovement. Beam breaks contributing to horizontal movement of subject's center of mass were translated into distance traveled, while those occurring without horizontal translation of center of mass were recorded as stereotypic counts. These automated stereotypic counts capture a wide range of non-locomotor movements including those that would be rated as stereotypic gestures by a human rater (e.g. sniffing, grooming), and those that may not be specifically categorized. All test sessions occurred over 12 × 10 minute bins with pre-injection activity measured over the first hour, followed by injection and an hour of post-injection activity ( Figure  1 ). The initial injection series occurred Monday through Friday for three consecutive weeks (15 sessions) during which rats received s.c. injections of saline or nicotine (0.5 mg/kg) according to random drug assignment. Two weeks after completing the injection series, all rats received a single nicotine challenge injection (0.5 mg/kg) in another two hour arena test. Nicotine (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9% sterile saline to a dose of 0.5 mg/ ml calculated as the base of the salt and adjusted to a pH 7.4. Injection volume was 1 ml/ kg for both nicotine and saline.
Lesion verification
After behavioral testing, subjects were sacrificed under isoflurane anesthesia. Brains were removed and cryostat cut into 40 µm coronal sections every 400 µm from approximately 3.3 to −5.8 mm relative to bregma. Mounted sections were fixed and stained with 0.5% thionin. Appropriate ventral hippocampal damage was assessed microscopically as tissue atrophy, paucity of nuclei, or cellular disarray in at least two serial sections. Rats with unilateral damage, damage extending into the dorsal hippocampus, or beyond the ventral hippocampus into medial or lateral structures were excluded from analysis. Histological analysis confirmed 21 rats with appropriate NVHL and 17 SHAMS. These groups had been randomized by drug group as SHAM-saline (n=8), NVHL-saline (n=10), SHAM-nicotine (n=9) and NVHL-nicotine (n=11). From this qualifying set of animals, lesion extents and micrographs of NVHL and SHAM sections are shown in Figure 2. 
Statistics
Data from day one of the injection series and the final challenge session were examined using two-way Analyses of Variance (ANOVA) testing independent factors of lesion status and drug history on dependent measures of activity. The initial injection series was examined using repeated measures ANOVAs with days as the within subjects measure. For examining whether lesion extent related to NVHL responsiveness to nicotine, the NVHL-nicotine group (n=11) was ordered by visual inspection of lesion extent (total bilaterally), and sub-divided into two groups, those with smaller lesions (n=6) and those with larger lesions (n=5). These two groups were compared in separate secondary analyses over the initial injection series and challenge session. Bonferroni post-hoc analysis was used where indicated. Data is presented as means ±SEM throughout. Significance was taken as p<0.05.
Results
Overview
As shown in Figure 3 , locomotor activity within sessions spanning the experiment was generally marked by habituation of activity in the pre-injection hour followed by provocation of a second peak of activation with injections. As suggested by this figure, and analyzed in greater detail below, pre-injection activity curves declined across sessions, while post-injection peaks were progressively elevated in response to nicotine. Through the course of sensitization and in the challenge session, nicotine injections produce a local peak within the first 20 minutes of the post-injection phase that subsided to a plateau that remained higher than with saline injections. The form of these curves did not appear to differ qualitatively between NVHL and SHAM rats.
Day one
Separate two-way ANOVAs were used to examine pre-injection (novel environment response) and post-injection locomotion. In the pre-injection hour, locomotor activity was greater in NVHLs compared to SHAMs (F(1, 34)=13.9, p<0.01), while drug-group assignment had no effect (Figure 4 ). No differences were observed in the post-injection hour based on lesion or drug group.
Initial Injection Series
Daily pre-injection activity across the 15 day series generally habituated both within and between weeks ( Figure 5A ). A post-weekend effect observed on days 6 and 11 was marked by minor increases in activation compared to the previous session. In separate repeated measures ANOVAs of pre-injection data for each of the three weeks (Table 1) , declining F values for the main effect of days suggested diminishing degrees of habituation on a week to week basis. Lesion-based differences in pre-injection activation and habituation evident in week 1 diminished to non-significance by week three. Drug group assignment had no significant impact or interactions with lesion status in any of the three weeks. To further verify that NVHLbased differences in pre-injection activity could not account for differences in post-injection activity, pre-injection activity was again assessed for the 10-minute bin prior to injection across the entire 15 day injection series with a single repeated measures ANOVA. This testing showed significant habituation across days (F(14,476)=4.038, p<0.001) with no main effects or interactions of lesion or drug group.
Post-injection locomotor activity ( Figure 5B ) varied across days (F(14, 476)=15.5, p<0.001) with nicotine injections producing overall increases in locomotor activity compared to saline (drug: F(1, 34)=115.2, p<0.001). Nicotine injections also produced progressive increases in activation across the injection series (days × drug: F(14, 476)=29.3, p<0.001) consistent with sensitization in both NVHL and SHAM rats. However, significant lesion (F(1,34)=6.4, p<0.05) and drug × lesion interactions (F(1,34)=4.5, p<0.05) indicated greater overall extents of shortterm nicotine sensitization in NVHLs compared to SHAMs. Notably, NVHL rats receiving nicotine reached a mean post-injection activity level by day 5 that was not surpassed by their SHAM counterparts until day 15. Within the NVHL-nicotine group, there were no significant differences in post-injection activation across the 15 day series based on smaller (n=6) or larger (n=5) lesion groupings.
Stereotypic beam-break counts ( Figure 5C ) also changed across the injection series (days: F (14, 476)=15.175, p<0.001) in which nicotine produced overall increases (drug: F(1, 34) =191.8, p<0.001) and in a sensitizing fashion across days (days × drug: F(4, 476)=28.7, p<0.001). However, there were no main effects or interactions involving lesion status.
Challenge Session
As in the Day 1 analysis, separate two-way ANOVAs were used to examine pre-and postinjection activity (Figure 6 ). Here, pre-injection activity did not differ based on lesion, drug history, or their interaction. However, previous nicotine history and NVHLs enhanced postinjection activity as independent factors, and in an additive manner when present in the same group of animals (drug: F(1, 34)=24.0, p<0.001; lesion: F(1, 34)=6.9, p<0.05). Post hoc analyses revealed that activation in saline history NVHL and SHAM rats were not mutually different. However, nicotine history NVHL rats showed greater activity than saline history NVHLs (p<0.01) and saline history SHAMs (p<0.001) while nicotine history SHAMs only showed greater activation then saline history SHAMs (p<0.05). Secondary analyses of NVHL rats with prior nicotine history showed that smaller vs. larger lesion groupings had no significant effect on post-injection activity.
Discussion
Adult NVHL rats show enhanced short and long-term profiles of behavioral sensitization to nicotine. Notably, unlike the psychostimulants cocaine and amphetamine, which show NVHLbased differences on first exposure (Chambers and Taylor, 2004; Lipska et al., 1993) , nicotine effects were progressively emergent; a single injection study would not have not detected NVHL differences in nicotine-induced activation. Accentuated progression of nicotine sensitization in the initial injection series was confirmed as an enduring effect in the challenge session, suggesting that prior nicotine exposure has a more profound and/or permanent neuroadaptative impact in this neurodevelopmental model of schizophrenia.
Several aspects of the data indicate these results were not a product of non-specific NVHL hyperactivity. First, post-injection activity in saline-receiving NVHL and SHAM groups was similar across the initial injection series and devoid of a sensitization effect. Second, although replicating previous findings of enhanced NVHL activation to the novel environment (e.g. Lipska et al., 1993) , this pre-injection effect normalized to non-significance both across and within sessions, even as the post-injection responses to nicotine became more pronounced. Accordingly, locomotor activity in the 10-minute bin prior to injection across the initial injection series showed no lesion-based differences in locomotor activity. Third, stereotypicrange movement showed no lesion-based differences even though nicotine also sensitized this domain of behavior. Thus, group differences in nicotine-induced locomotion cannot be accounted for by group differences in stereotypic-range behavior which could compete with horizontal locomotion.
The extent to which the present findings simply reflect NVHL-based alterations in nAChR expression/functionality vs. alterations in neural circuits modulated by nAChR activation requires further investigation. However, several lines of evidence suggest the importance of the latter, particularly with respect to mesolimbic DA and prefrontal cortical-striatal circuits that are directly implicated in behavioral sensitization and the addiction process. In contrast to the psychomotoric sensitivity to nicotine characterized here, impaired working-memory performance of NVHL rats is insensitive to modulation by nAChR agonism with nicotine, or antagonism with mecamylamine (Chambers et al., 1996) . These findings may reflect loss of hippocampal nAChR fields implicated in the cognitive-supporting roles of acetylcholine and nicotine (Ji et al., 2001; Levin, 2002) . In the PfC however, NVHLs increase stress and D1 agonist-mediated acetylcholine release, although it is not known how this might involve changes in nAChR functionality (Laplante et al., 2004a; Laplante et al., 2004b) .
NVHLs produce a host of other changes involving the structure and function of both the PfC and NAc, many of which appear to progress through adolescent neurodevelopment in parallel with the behavioral phenotype (Powell et al., 2006; Tseng et al., 2006; Tseng et al., 2007) . These changes may collectively account for alterations in the functional impact, and behavioral correlates of endogenous, or nicotine-induced DA release provided by ventral tegmental area (VTA) projections into the PfC-NAc assembly. For instance, while baseline, stress, or amphetamine-induced DA efflux into NAc is not greater in adult NVHL rats compared to SHAMs (Lillrank et al., 1999a; Lillrank et al., 1999b; Wan et al., 1996) , NVHL rats show periadolescent onset of increased excitability of NAc neurons to VTA stimulation (Goto and O'Donnell, 2002) . These NAc responses are not only paralleled by similar abnormalities in PfC responses to VTA stimulation , but they are abolished by adult lesions to the PfC in NVHL rats, suggesting an interdependency of NVHL-based NAc and PfC functional changes in generating the NVHL phenotype (Goto and O'Donnell, 2004) .
In this context of hyper-responsivity to DA stimulation, and to the extent that behavioral sensitization is a DA-dependent process (Everitt and Wolf, 2002; Pierce and Kalivas, 1997; Robinson and Berridge, 1993) , enhancement of DA transmission by nicotine and other drugs might be expected to produce comparable abnormalities of long-term behavioral sensitization in NVHL rats. Consistent with this expectation, NVHL rats show elevations in long-term sensitization to both cocaine and alcohol (Chambers and Taylor, 2004; Conroy et al., 2007) analogous to those observed here with nicotine, despite these drugs entailing differential mechanisms of promoting mesolimbic DA efflux (Di Chiara and Imperato, 1988; Wise and Bozarth, 1987) and even more profound differences in a wider array of neurotransmitter and psychoactive effects. Meanwhile, the effects of initial dosing with these drugs in NVHL rats are far less uniform, possibly reflecting a greater contribution of their differential transmitter effects: Cocaine's robust and relatively selective effects in increasing striatal DA (Ritz et al., 1987) immediately produces hyper-activation in NVHLs (Chambers and Taylor, 2004) . Alcohol effects are abnormally stimulating at low doses and normally sedating higher ranges (Chambers and Taylor, 2004; Conroy et al., 2007) , consistent with a dose-dependent overriding of its DA-stimulating effects by its GABA-mediated depressant effects (Dudek et al., 1991; Faingold et al., 1998) . In contrast, nicotine was shown here to have no stimulating effects upon initial dosing, yet sensitization progressively emerged. These findings may reflect the unique desensitizing/upregulating dynamics of nicotine on nAChRs (Buisson and Bertrand, 2002; Giniatullin et al., 2005; Nguyen et al., 2004) , which may facilitate nAChR stimulation of VTA DA neurons with repeated dosing (Mansvelder et al., 2002; Mansvelder et al., 2006; Wooltorton et al., 2003) .
In summary, developmental changes of frontal-cortical striatal circuits generated by NVHLs may represent conditions wherein the cumulative impact of pharmacological DA stimulation has a more potent and/or enduring effect in altering behavioral organization. This study confirms that long-term behavioral sensitization in NVHL rats is involuntarily accentuated with nicotine as with alcohol and cocaine-without necessarily being conditional on the differential mechanisms by which these drugs evoke DA transmission or exert their divergent psychoactive effects. While future studies are needed to understand the neurobiology of the nicotine findings and whether they generalize to other behavioral models of addiction, these results demonstrate utility of the NVHL model in understanding the basis for increased rates of substance disorders transcending addictive drug types in schizophrenia. Experimental timeline by rat age (Post-natal Day (PD)). Rats were given either 0.5 mg/kg nicotine or saline during the initial sensitization series. All rats were given 0.5 mg/kg nicotine on the challenge session 2 weeks later. Locomotor activity within sessions. One hour pre-injection activity (bins 1-6) habituated followed by enhanced post-injection activity (bins 7-12). Nicotine and saline injections are denoted by arrows. Data is represented as group means ± SEM. Locomotor activity on day 1. (A) Neonatal ventral hippocampal lesioned rats (NHVLs) had significantly greater pre-injection activity compared to SHAMs. (B) Post-injection activity did not differ between groups by lesion, drug assignment, or their interaction. Data is represented as group means ± SEM. Locomotor activity across the initial injection series. (A) Lesion based differences habituated across the injection series to non-significance in week 3 (Table 1) . (B) An overall nicotine sensitization effect was observed in post-injection activity. Neonatal ventral hippocampal lesioned rats (NVHLs) exhibited a greater extent of activation indicated by a significant main effect of lesion and an interaction between drug and lesion status. (C) Nicotine significantly increased post-injection stereotypic range behavior although there was no effect of lesion status. Data is represented as group means ± SEM. Locomotor activity during the challenge session. (A) No significant differences were observed in pre-injection activity based on lesion, drug history, or their interaction. (B) Post-injection activity was enhanced by previous nicotine history and neonatal ventral hippocampal lesion (NVHL). Bonferoni post hoc analysis revealed that NVHLs have greater long-term nicotine sensitization than do SHAMs. Data is represented as group means ± SEM. *p<0.05; **p<0.01; ***p<0.001.
